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Dicalcium  phosphate  dihydrate  (DCPD,  CaHPO4·2H2O), also  known  as brushite,  is  one  of the  important
bioceramics  due  to not  only  diseases  factors  such  as  kidney  stone  and  plaque  formation  but also  purpose  as
ﬂuoride  insolubilization  material.  It is used  medicinally  to  supply  calcium,  and  is  of interest  for  its unique
properties  in biological  and  pathological  mineralization.  It  is  important  to  control  the  crystal  morphology
of  brushite  since  its  chemical  reactivity  depends  strongly  on  its surface  properties;  thus,  its morphology  is
a key  issue  for its  applications  as a functional  material  or  precursor  for other  bioceramics.  Here,  we  reportorphology
rystal growth
rushite
alcium phosphate
the effects  of the  initial  pH  and the Ca  and  phosphate  ion concentrations  on the  morphology  of  DCPD
particles during  aqueous  solution  synthesis.  Crystal  morphologies  were  analyzed  by  scanning  electron
microscopy  and  X-ray  diffraction.  The  morphology  phase  diagram  of DCPD  crystallization  revealed  that
increasing  the initial  pH  and/or  ion  concentration  transformed  DCPD  morphology  from  petal-like  into
plate-like  structures.
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. Introduction
Calcium phosphate bioceramics are the main constituents of the
ones and teeth of vertebrates, including most human hard tissues
1,2]. They have been the subjects of intensive research in a range of
elds, including biomineralization, medicine [3–6], and the envi-
onment [7]. In particular, dicalcium phosphate dihydrate (DCPD,
aHPO4·2H2O), also known as brushite, is one of the key compo-
ents in calcium phosphate systems, because DCPD can not only
e deposited as a coating for orthopedic implants [8], but is also
ecognized as a starting material in the preparation of other cal-
ium phosphate bioceramics [9–11]. So far, DCPD has been applied
s many functional materials, such as the abrasive constituent of
oothpaste, a feed additive, and water treatment compounds [7,12].∗ Corresponding author. Tel.: +81 76 493 5476; fax: +81 76 493 5476.
E-mail addresses: t.toshima@nc-toyama.ac.jp,
oshima.takeshi@gmail.com (T. Toshima).
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eramic Society.
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There has been substantial research into the morphology con-
rol of calcium phosphate bioceramics. In general, the performance
f a functional material signiﬁcantly depends on its shape and
urface properties [13–15]. Extensive investigations have been
ndertaken to establish effective parameters controlling the shapes
f these bioceramics because of the complexity of the crystal-
ization system [16,17]. Research on DCPD crystallization has
elevance for the preparation of other calcium phosphate bio-
eramics. For example, crystalline octacalcium phosphate (OCP,
a8(H2PO4)2(PO4)4·5H2O) is well known as a bone component
recursor [18] and is attractive to biochemists because of its
ontrollable morphology [19,20]. The parametric factors in the
iomineralization processes of these materials have attracted the
nterest of biochemists, with a key issue being the case of hydroxy-
patite (HAp, Ca10(PO4)6(OH)2) formation [21,22]. Many reports
oncern the transformation of DCPD to HAp [23–28]. Information
n DCPD morphology is very useful for predicting in vivo bone
nd/or tooth bioactivity and for accelerating bone regeneration.
uch detour methods may  provide important clues for controlling
he shape of the ﬁnal product.
Therefore, elucidating the effects of DCPD crystallization param-
ters is very important. In recent studies of calcium phosphate
ioceramics, various crystallization conditions (e.g., calcium and
hosphorous concentrations, temperature, ionic strengths, and
olution pH) were investigated [29–36]. We  previously reported
he effects of both acetate anion and pH on the morphology of
CPD crystallization [37]. The addition of acetate ion changed the
orphology of the DCPD crystals and their yields.
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The objective of this work was to demonstrate the effects of
he initial pH and ion concentrations on the morphology of DCPD
rystallization during aqueous solution synthesis. It is well known
hat pH has a great inﬂuence on both the nucleation rate and crys-
al growth rate. The stability and solubility of DCPD crystals are
lso strongly dependent on the solution pH. Both the pH and the
on concentration are known to affect the supersaturation ratio of
CPD crystals. Therefore, pH and ion concentration were examined
s key parameters for controlling the morphology of DCPD crystals
n this study. The product structures were evaluated by scanning
lectron microscopy (SEM) and X-ray diffraction (XRD).
. Materials and methods
DCPD crystals were prepared according to the ﬂow diagram
hown in Fig. 1. Aqueous solutions of ammonium dihydrogen phos-
hate (NH H PO , Nacalai, 99%) and calcium nitrate (Ca(NO ) ,4 2 4 3 2
ako, 98.5%) were prepared in 100 mL  glass beakers at room tem-
erature. The initial pH of the solutions was adjusted to the desired
alue by the addition of 0.01 and 0.1 M nitric acid (Kanto Chemical)
ig. 1. Experimental ﬂow design. Starting solutions with the same initial pH and
oncentration values were initially mixed. (Example: Ca(NO3)2 (0.02 mol/L, pH
)  + NH4H2O4 (0.02 mol/L, pH 4) → mixture (0.01 mol/L, pH 4).)
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nd ammonia solution (Wako, 25%). The initial pH values, from 4.0
o 7.0, were tested with a pH meter (SevenMulti, Mettler-Toledo).
he initial molar concentrations were adjusted to 0.02, 0.10, and
.20 mol/L, respectively. The solutions (100 mL  each) of Ca(NO3)2
nd NH4H2PO4 with the same initial pH values and concentrations
ere rapidly mixed in a 200 mL  beaker and stirred magnetically at
00 rpm. The key point is mixing two solutions at once, without
aking long time for mixing.
The pH values of the mixtures were monitored over the ﬁrst
our after mixing. If a solid was not observed in the solution at this
tage, then the solution was  stirred up to 24 h. After 24 h without
vidence of crystallization, the reaction was  stopped and recorded
s “no product.”
After the reaction, all solutions were ﬁltered through a 0.45 m
embrane ﬁlter. The solid products were dried at 40 ◦C for 24 h. The
roducts from each set of crystal growth conditions were examined
y SEM (JSM-6390AX, JEOL, accelerating voltage of 3–10 kV without
oating) and XRD (Mini Flex, Rigaku, 35 kV, 15 mA, 2◦/min).
. Results and discussion
Table 1 lists the results at 1 h and 24 h for the various crystal
rowth conditions. At concentrations below 0.01 mol/L, no solid
roducts were observed with an initial pH of 5.5 or lower, even
fter 24 h. A solid product was observed at an initial pH of 6.0
fter 24 h, however, the amount of solid formed after 1 h was
ot sufﬁcient for testing. At an initial pH of 7.0, solids were
bserved within 1 h. At other concentrations, the crystallizations
xhibited the same behaviors. As the concentration increased, crys-
allization occurred more readily at lower initial pH, at which
he products were never obtained under lower concentration
onditions.Fig. 2 illustrates the pH changes after 1 h with respect to the
nitial pH and concentration. The pH values of the solutions
ecreased under all conditions, whether solid products were
btained or not. The pH difference increased when the initial pH
able 1
nitial pH value and concentration dependence of solid product formation.
Initial pH 0.01 mol/L 0.05 mol/L 0.10 mol/L
4 × × ×
5  ×  ©
6   © ©
7  © © ©
: no product after 24 h.
: no product after 1 h, product after 24 h.
:  product after 1 h.
Fig. 2. pH change as a function of initial pH and ion concentration.
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nd/or concentrations were high. When such solutions were com-
ined, the mixtures became milky due to the rapid formation of the
olid product. Therefore, each parameter contributed to the driving
orce for crystallization.
t
a
t
ig. 3. SEM images of DCPD crystals grown under each set of conditions. Images to the lef
articles.amic Societies 2 (2014) 52–56
The dependence of DCPD morphology on the initial prepara-
ion conditions was  further examined. As shown in Fig. 3, plate-like
nd petal-like particles were observed by SEM. The plate-like par-
icles mostly formed in parallelogram shapes that were stacked
t show macroscopic views, while those to the right show expanded views of typical
T. Toshima et al. / Journal of Asian Ceramic Societies 2 (2014) 52–56 55
F partic
i
t
o
r
p
l
T
f
o
r
a
F
p
s
r
r
a
h
a
b
s
h
F
Dig. 4. (a) SEM image of cross-section of petal-like particle. (b) Schematic image of 
n multiple layers. Their dimensions ranged from a few microme-
ers to <100 m in one direction and to several micrometers in the
ther direction. However, some particles exhibited different aspect
atios, such as more than 100 m to <1 mm.  The thickness of the
late-like particles was no larger than about 1–2 m. The petal-
ike particles appeared to be aggregates of the plate-like particles.
he total length of the polycrystal diameter was <100 m;  there-
ore, each plate-like crystal was on the order of 10 m.  The centers
f the petal-like particles were of nested structures (Fig. 4); these
esults were similar to the case of galenite [38].
Fig. 5 shows the XRD spectra of DCPD synthesized at 0.10 mol/L
nd different initial pH values. All observed diffraction peaks were
ig. 5. XRD patterns of DCPD powders at different initial pH values and 0.1 mol/L
recursor molar concentration. The products at other precursor concentrations
howed the same behavior.
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ig. 6. Morphology phase diagrams for DCPD crystallization under various crystal grow
ependence on initial pH value and pH change. Products in light gray colored area is petal-le in (a). Nested structure was observed at the center of each petal-like particle.
elated to DCPD and no impurity phases were found. The XRD
esults could be categorized into two  types. The ﬁrst displayed
 very strong (0 2 0) peak with other weaker diffraction peaks at
igher initial pH (5.0–6.0). The products with such XRD patterns
lways exhibited a plate-like structure. Therefore, this shape is
ased on an a–c plate. DCPD crystals usually form such plate-like
tructures, analogous to these observations. The other type also
ad a strong (0 2 0) peak, and other diffraction peaks such as (1¯ 2 1),
1¯ 1 2), and (1¯ 4 1) were of comparable strength. In the case of the
atter species, the product morphology displayed the petal-like
tructure. These results show the same behavior as in our previous
eport [37].
In summary, the results of the SEM and XRD analyses revealed
hat the DCPD particles with petal-like structures were composed
f smaller plate-like particles. This result shows that there is no
ifference during crystal growing process between the conditions
e tried. Key point of formation mechanism of nested structure
s not only reducing concentration during crystallization but also
ggregate crystal nuclei at the early timing. Therefore controlling
he early crystallization process, particularly the nucleation rate,
s the most important factor inﬂuencing the shape of the DCPD
rystals.
Morphology phase diagrams were thus drawn for the DCPD
rystallization showing the dependence on initial pH, the super-
aturation, and pH change (Fig. 6). We  added other experimental
esults (0.02 mol/L and 0.2 mol/L) to draw the diagram more clearly.
The desired product is formed according to the following chem-
cal reactions:
a(NO3)2 → Ca2+ + 2NO3− (1)
H4H2PO4 → NH4+ + H2PO4− (2)
th conditions. (Left) Dependence on initial pH value and supersaturation. (Right)
shaped, gray colored is mixture and dark gray colored is plate-shaped, respectively.
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2PO4− ↔ H+ + HPO42− (3)
a2+ + HPO42− + H2O ↔ CaHPO4·2H2O (4)
We calculated the supersaturation ratio S from following for-
ulas:
(DCPD) = IP(DCPD)
KSP(DCPD)
(5)
P(DCPD) = [Ca2+][HPO2−4 ] (6)
here IP is the ion activity product and KSP, the solubility product
onstant, is 2.59 × 10−7 (mol/L)2 for DCPD.
An increase in the supersaturation ratio and/or initial pH value
hifted the morphology from the liquid phase (i.e., no product for
t least 24 h) to the petal-like structure, and then to the plate-like
tructure. Occasionally, borderline conditions resulted in a mix-
ure of plate-like and petal-like structures. When DCPD crystals
orm, both the pH value and the ion concentrations decrease. Under
uch circumstances, the crystal growth conditions may  alternate
etween the two states. The morphology phase diagram compris-
ng the initial pH values and pH changes showed very similar
istributions to the preceding results. For solution conditions with
igh precursor concentrations and/or initial pH values, the pH
hange increased and the resulting crystalline form was of the
late-like structure. Initial crystal growth condition rules early
ucleation condition; that is equal to say that mixing process of
wo solutions is a key for controlling the DCPD morphology. If one
akes a long time for mixing solutions, morphology phase diagram
s shifted and expand the area of petal structure.
. Conclusion
This study focused on controlling the shape of DCPD crystals
y changing the initial pH of the solution and initial concen-
rations of HPO42− and Ca2+ ions at room temperature. The
hapes of DCPD particles were strongly dependent on both these
arameters: an increase in either the initial pH or the initial ion
oncentration led to the transformation of the petal-like to the
late-like structure. Morphology phase diagrams of DCPD crys-
allization were constructed from these results. To control the
hapes of other calcium phosphate bioceramics, it would be of
onsiderable interest to use the uniquely shaped DCPD crystals as
recursors.
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